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Hetero-atom oxidation and dealkylation by Cytochrome P450
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The oxidation and dealkylation of dimethylsulfoxide (DMSO), dimethylsulfide (DMS), and
trimethylamine (TMA) by cytochrome P450 have been studied with density functional theory
calculations. The results show that the oxidation reactions always occur on the doublet spin
surface, whereas dealkylations can take place for both the doublet and quartet spin states.
Moreover, DMS is more reactive than DMSO, and S-oxidation is more favorable than S-

dealkylation, whereas N-dealkylation is more favorable than N-oxidation. This is in perfect



agreement with experimental results, showing that density functional activation energies are

reliable and comparable for widely different reactions with cytochrome P450.

Introduction

The cytochromes P450 (CYPs) constitute an enzyme family that is found in all types of organisms,
from bacteria to mammals. In the human genome, there are 57 genes for CYPs.! These isoforms have

functions including synthesis and degradation of many physiologically important compounds,
as well as degradation of xenobiotic compounds, e.g. drugs.?2 Numerous studies have been
performed on these enzymes, because they influence the transformation of pro-drugs into their
active form as well as the bioavailability and degradation of many drugs. In fact, it has been
estimated that the CYPs are responsible for ~75% of the phase | metabolism of drugs.3

The active site in the CYPs is buried inside the protein and connected to the surface by
several channels, which vary between the various isoforms.45 At the bottom of the active site,
there is a heme group with a central iron ion. Below the plane of the heme group, the sulfur
atom of a cysteine amino acid coordinates to the iron ion, whereas the site above the heme
plane may bind various extraneous small ligands during the reaction cycle. In the resting state,
this position is occupied by a water molecule.

The CYPs catalyze several different types of reactions, of which the most common ones are
hydroxylation of saturated C—H bonds, dealkylations, epoxidation of double bonds, oxidation of
aromatic ring systems, and oxidation of hetero atoms. Most of these reactions, have been
thoroughly characterized using theoretical calculations,®” but hetero-atom oxidation has been
much less studied than the other types of reactions.8-12 The active species in the reactions is in
general a high-valent (formally FeV=0) state of the active-site heme group, called compound |I.

It has two close-lying electronic states, a doublet and a quartet, and they may contribute



differently to various reactions. For example, they give comparable activation energies for
aliphatic hydroxylation, whereas the addition of compound | to the aromatic ring system is
most favorable on the doublet spin surface.t”

For substrates containing hetero atoms, there is the possibility of both hetero-atom oxidation
and dealkylation, as is shown in Scheme 1. The dealkylation reaction starts with hydroxylation
of the C* atom, followed by a cleavage of the bond between the heteroatom and C-.
Interestingly, N-containing compounds seem to prefer the hydroxylation—-dealkylation reaction,
whereas the opposite is true for S-containing compounds.®13-16 |t is a challenge for theoretical
methods to explain these trends. Loew and Chang® have addressed this question using
Hartree—Fock calculations but they could rationalize the experimental observations only if they
used different criteria for different reactions: The relative stability of the oxidation products
could explain why N-compounds prefer dealkylation. However, to explain the preference for
oxidation of S-compounds, they instead had to compare the energy difference between the C“
radical intermediate and the sulfoxide products. In this paper, we try to obtain a consistent
view of the N-, S-, and SO-oxidation and dealkylation reactions by using more accurate
density functional theory (DFT) calculations. We study the substrates trimethylamine (TMA),
dimethylsulfide (DMS), and dimethylsulfoxide (DMSQ). To our best knowledge, this is the first

time sulfoxide oxidation and dealkylation are studied by DFT calculations.

Scheme 1. The reaction paths of hetero-atom oxidation (Ox) and hetero-atom dealkylation (D-

a).



Computational Methodology

We have modeled the compound | species of the CYPs as iron (formally FeV) porphine (i.e.
a porphyrin without side chains), with CH3S- and O% as axial ligands. Four different states
along the reactions were studied (Scheme 1), viz. compound | and substrate isolated from
each other, the complex between compound | and substrate (the reactant complex, R), the
transition state (TS), and the product after the oxidation (P°X) or the intermediate after the
dealkylation (IP-a; cf. Scheme 1). All energies are given relative to that of the reactant complex
(R). All four states were studied in both the doublet and quartet states.

The quantum chemical calculations were performed with the density functional method
B3LYP1719 with the VWN(V) correlation functional?® (unrestricted formalism for open shell
systems). In the geometry optimizations, we used for iron the double- basis set of Schafer et
al.,2' enhanced with a p function with the exponent 0.134915. For the other atoms, the 6-
31G(d) basis set?224 was used (this combination is denoted BSI). More accurate energies
were determined by single-point calculations at the B3LYP/6-311++G(2d,2p) level?® with the
double-C basis set of Schafer et al.,2' enhanced with s, p, d, and ffunctions (exponents of

0.01377232, 0.041843, 0.1244, 2.5, and 0.8; two f functions) on iron26 (denoted BSIl). The



B3LYP functional was chosen because it has previously been shown to give very good
geometries compared to crystal structures, as well as energies, compared to CCSD(T) and
CASPT2 calculations for heme models.2728 Moreover, it has been employed in almost all
recent studies of CYP reactions.6:7:29

To get a view of what effects a surrounding protein may have on these reactions we have
performed calculations in vacuum, as well as with an implicit solvent model (note that the
CYPs are a large enzyme family,! so it is not possible to model the general effect of the
protein in a more detailed way). The effective dielectric constant (¢) in proteins has been much
discussed, and values from 2 to 40 have been suggested.3032 Therefore, we tested three
different values, 1, 4, and 80, to get a feeling of possible effects of the protein. Solvent
calculations were carried out at the B3LYP/BSI level with the continuum conductor-like
screening model (COSMO).33 For the atomic radii, we used the optimized COSMO radii in
Turbomole34 (and 2.0 A for Fe). For all the other parameters, we employed the default values,
implying a water-like probe molecule. The full data are presented in Table S1 in the supporting
information. They show that the continuum solvent stabilizes the separated reactants relative
to the reactant complex by 9-11 and 16-20 kJ/mol for ¢ = 4 and 80, respectively. The two spin
states are always affected in the same way for both spin states, so the solvent gives no net
effect on the spin splitting energy. The solvent effect on the activation energies depends on
the substrate, but not on the reaction type: For DMSO the activation energies increase by 3-7
kJ/mol, for DMS they are not much affected (+2 kd/mol), whereas for TMA they decrease by 5-
9 kd/mol (with ¢ = 4; ¢= 80 gives similar, but larger effects, up to 18 kd/mol). Thus, possible
solvation effects of the enzyme will not change the general conclusions of this paper,

regarding the relative activation energies of the oxidation and dealkylation reactions and the



three types of substrates.

Frequency calculations were performed at the B3LYP/BSI level of theory to obtain the zero-
point vibrational energy and thermal corrections to the Gibbs free energy (at 298 K and 1 atm
pressure, using an ideal-gas approximation3%). They also verified that the structures represent
true minima or transition states. All calculations were carried out with the Turbomole program
package, version 5.9.36 Presented energies are those obtained at the B3LYP/BSII level,
including the zero-point vibrational energy, thermal corrections to the Gibbs free energy, and
solvent effects with a dielectric constant of 4. The charges and spin densities presented were
calculated with Mulliken population analysis in vacuum.

Previous studies of sulfur and nitrogen oxidation®10-12 ysed a SH- model of the cysteine iron
ligand, instead of our CH3S- model (which is the preferred cysteine model in the theoretical
study of all other proteins). Therefore, we studied the difference between these two models for
the DMS oxidation. These studies were restricted to the quartet spin state, because we failed
to locate the doublet transition state with the SH- model. The two models gave very similar
geometries, with differences of 0.005, 0.008, and 0.004 A for the Fe-O distance, 0.056, 0.003,
and 0.008 A for the Fe-Scys distance, and 0.009, 0.013, and 0.001 A for the O-Spws distance
for the reactant complex, the transition state, and the product complex, respectively. The only
significant geometric difference was that the two models sometimes gave different C/Hcys—
Scys—Fe-N torsion angles, owing to differing interactions between the methyl group or the
hydrogen atom of the cysteine model and the porphyrin ring. The CH3S- model gave a 12
kd/mol higher activation energy and a 14 kJ/mol less negative energy of the product, but the
energetic effects of solvation, zero-point vibrational energies, and basis set changes were very

similar and always of the same sign. We also calculated the structure of compound | with the



SCH3z- and SH- models in both the doublet and quartet spin states. Again, the geometries were
very similar and the energy splitting between the two spin states differed by less than 0.3
kd/mol. The full data of this comparison is presented in Tables S2 and S3 in the supporting
information.

We also tested the effect of amide NH---Scys interactions in the protein by single-point energy
calculations with two added NH3 groups at the B3LYP/BSI level, as has been done by Ogliaro
et al.3” However, we found that the energies from such calculations are unreliable, because
the differences in the C/Hcys—Scys—Fe—-N torsions and the Scys—Fe-N angles between the
reactions and between the various states in the same reaction give varying interactions

between the NH3 groups and the porphyrin ring. Therefore, these results are not presented.

Results and Discussion

Hetero-atom oxidation by cytochrome P450 may occur via direct O-atom transfer or an initial
electron-transfer from the substrate to compound |, followed by the formation of a bond
between the hetero atom and the oxygen atom.26 However, we have only studied the former
reaction, because experimental results have shown that this is the most likely reaction for
sulfoxidation,®® and previous theoretical investigations have given the same results for both
sulfoxidation and nitrogen oxidation.8-10

DMSO oxidation and dealkylation. Sulfoxides are important groups in drugs and have
therefore been thoroughly studied experimentally.3® They are also interesting because any
oxidation of a sulfide can be followed by a second oxidation of the sulfoxide, resulting in a
sulfone. Neither sulfoxide oxidation nor dealkylation seems to have been studied before with

theoretical methods. We find that the reactant complex of DMSO and compound | is 28-29



kd/mol less stable than the isolated substrate and compound | for both the doublet and quartet
states (owing to solvation effects and the loss in translational and rotational entropy). The
oxidation transition state displays a relatively large splitting (13 kJ/mol) between the doublet
(73 kd/mol) and quartet (86 kJ/mol) states, showing that this reaction is more likely to take
place on the doublet spin surface (cf. Figure 1). This is also reflected in the transition-state
geometries: The doublet has an early transition state with an S—-O distance of 2.11 A, whereas
the quartet transition state is late with an S—O distance of 1.94 A (cf. Figure 2).

Next, we turn to the dealkylation reaction of DMSO. The activation energies for the hydrogen
abstraction step in this reaction display a similar but opposite splitting (9 kd/mol) between the
doublet and quartet states (Figure 1). This difference is caused entirely by the thermal
corrections; without them, the difference is only 1 kdJ/mol. Moreover, the activation energy is
larger for the hydroxylation reaction than for the direct oxidation of DMSO, and the
hydroxylation reaction is more likely to occur on the quartet spin surface (91 kJ/mol). The
geometries of the transition states are much more similar than in the oxidation reaction. The
quartet transition state is only slightly later than the doublet with O-H distances of 1.13 and
1.17 A, respectively.

There are two possible conformations of the DMSO molecule in the dealkylation reaction:
The oxygen atom in DMSO can either point towards or away from the heme ring. However, the
reactant state with the oxygen atom pointing towards heme is 14 kJ/mol less stable than the
other conformation. On the other hand, the two conformations gave similar transition-state
structures with similar energies for the quartet spin state and only a 6 kJ/mol difference in
doublet spin state. Energies for the less stable conformation are shown in Table S4 in the

supporting information.



Figure 1. Relative energies (in kdJ/mol) for the various states in the reactions with DMSO.

Figure 2. Structures of the various states in the DMSO reactions. Data are given for the
doublet (quartet) spin state with distances in A and angles in degrees. Imaginary frequencies

for the transition states are shown on the lower right side of the respective structure.



DMS oxidation and dealkylation. Sulfide reactions are important reactions in drug
metabolism by cytochrome P450.13:14 They have been studied theoretically before, 8101240 (but
only the quartet spin state for the dealkylation reaction). The oxidation of DMS is similar to the
oxidation of DMSO: The doublet state has lower activation energy (47 kJ/mol) than the quartet
state (63 kJd/mol, cf. Figure 3). Thus, the activation energy of the doublet state is 25 kJ/mol
lower than that for the DMSO oxidation. This is also reflected in the transition-state structure,
in which the S-O distance is 2.22 A for the doublet (Figure 4), i.e. an earlier transition state
than that of the sulfoxide oxidation. Moreover, the reactant complex is 41-42 kJ/mol higher in
energy than the separated substrate and compound I.

In contrast to DMSO, the activation energy of the DMS dealkylation reaction is lower on the
doublet surface (64 kd/mol) than on the quartet surface (75 kd/mol, Figure 3). Thus, they are
higher than the activation energy for the direct S-oxidation reaction, but lower than those of the
corresponding dealkylation step for DMSO. The intermediate in the dealkylation reaction, 1P-a,
is also ~30 kJ/mol more stable than for DMSO. This is because the sulfur atom in DMS has
one more available orbital available to accommodate the substrate radical that is formed in this

state.
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Figure 3. Relative energies (in kd/mol) for the various states in the reactions with DMS.

Figure 4. Structures of the various states in the DMS reactions. Data are given for the doublet
(quartet) spin state with distances in A and angles in degrees. Imaginary frequencies for the

transition states are shown on the lower right side of the respective structure.

TMA oxidation and dealkylation. Most drugs contain nitrogen atoms, which often are
metabolized by cytochrome P450. Experimentally, it is found that dealkylation is preferred
before N-oxidation.'® The dealkylation reaction (caused by hydroxylation of the C* atom) has
been the subject of several theoretical investigations,® 114041 put the N-oxidation has only been
studied once before with DFT,'! viz. for the substrate N,A-dimethylaniline. Here, we study the
dealkylation and N-oxidation reactions for a simpler substrate, TMA, and compare them to the
corresponding reactions with DMS and DMSO.

Our results show that the reactant complex is 44-45 kJ/mol less stable than the separated

substrate and compound | for both spin states. The activation energy for TMA oxidation is 53
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kJ/mol on the doublet surface, but significantly higher for the quartet, 75 kd/mol (cf. Figure 5).
This is also reflected in the transition-state geometries: The doublet has an early transition
state with an O-N distance of 2.02 A, whereas the quartet transition state is late, with an O-N
distance of 1.82 A (Figure 6).

For the corresponding dealkylation reaction, the activation energies of the doublet and
quartet differ by 5 kd/mol, with that of the doublet state having the smaller barrier of 35 kJ/mol.

This is lower than the N-oxidation reaction.

Figure 5. Relative energies (in kdJ/mol) for the various states in the reactions with TMA. No
energy is given for 2|P-a, because this state converges directly to the hydroxylated product

complex.
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Figure 6. Structures for the various states in the TMA reactions. Data are given for the doublet
(quartet) spin state with distances in A and angles in degrees. Imaginary frequencies for the

transition states are shown on the lower right side of the respective structure.

Comparison with experimental data. Our results for the hetero-atom oxidation and
dealkylation reactions suggest that sulfides and sulfoxides are more likely to undergo hetero-
atom oxidation than dealkylation, because the S- and SO-oxidation activation energies are 16—
18 kd/mol lower than that for the corresponding dealkylation reaction. Of course, the reactivity
will depend on the properties of the enzyme pocket and the substituents on the substrate, but
our results agree well with the experimental observation that CYPs in general degrade S-
containing compounds by S-oxidation rather than by dealkylation.®:13-16 |t has also been noted
that CYPs perform sulfoxidation faster than sulfoxide oxidation.3® This is in perfect agreement

with the 25 kd/mol lower activation energy for DMS oxidation than for DMSO oxidation (12

13



kJ/mol from the isolated reactants).

There is a similar difference in the activation energies between the N-oxidation and N-
dealkylation reactions (19 kJ/mol). However, in contrast to the S-containing compounds, the N-
dealkylation reaction has lower activation energy than the N-oxidation. This suggests that the
N-dealkylation reactions are more likely to occur (especially as different N-compounds all give
similar hydroxylation barriers4%), again in excellent agreement with experiments.®:13-16

Rationalization of the trends. The dealkylation reactions have activation energies ranging
from 35 (TMA) to 100 (DMSO) kd/mole. This large variation can be explained by the ability of
the substrate to stabilize the radical that is formed during the reaction. If we plot the
percentage of the spin of the substrate on the carbon from which the hydrogen is abstracted
against the activation energy, we get correlation coefficients (/2) of 0.96 or 0.99 for the final
free energies or the raw BSI energies as is shown in Figure 7 (the zero-point and thermal
corrections lower the correlation somewhat). Thus, it is clear that the type of neighboring atom
(i.e. the possibility to delocalize the radical over several atoms) strongly affects the activation
energy of the dealkylation reactions, as has been shown before in a different manner.40

For the oxidation reactions, the variation of the activation energies between the three
substrates is much smaller: For the doublet state, the activation energies are 48-73 kJ/mol
relative to the R complex, but 89-101 kd/mol relative to the isolated reactants. Thus, there
hardly any trends to explain.

On the other hand, the preference for the double state of the oxidation reactions can be
easily rationalized: Previous DFT studies have shown that compound | essentially contains
three unpaired electrons, one localized on the iron ion, one on the oxy group, and one shared

by the porphyrin ring and the cysteine model.7:2° In the quartet state, all three spins are

14



parallel, whereas in the doublet state, the latter spin is antiparallel to the other two. Our
calculated spin densities in Tables S8-S10 in the supporting information confirm this also for
the present calculations. In the hetero-atom oxidation, two electrons with opposite spin in the
same orbital are moved from the substrate to compound I. In the doublet state, this is straight
forward, because the two acceptor orbitals (one on the oxy group and the other shared by the
porphyrin ring and the cysteine model) are singly occupied with electrons of opposite spins (cf.
Scheme 2). However, for the quartet state, the two acceptor orbitals have parallel spin and
one of the electrons must either flip spin or end up in another orbital (an unoccupied iron 3d
orbital), giving an excited product state.

This is reflected in the spin densities (Tables S8-S10): The doublet transition state has only
a small spin on the substrate (~0.1 e for DMSO and ~0.3 e for the other two substrates),
whereas the more spin is found on the substrate in the quartet state (~0.5 €). Moreover, the
spin on the iron ion has increased in the quartet state. This shows that one of the electrons
goes mainly to iron, rather than to the oxy group. Consequently, the 2P°x state is always a pure
low-spin Fe(lll) state, with essentially no spin on the substrate. However, the quartet 4P°x state
contains intermediate-spin Fe(lll) state (with three unpaired electrons), with 0.2-0.4 unpaired
electrons on the cysteine model, but no spin on the product (including the former oxy group).
This shows that one electron has also moved from a doubly occupied Fe orbital to the oxy
group.

For the hydroxylation reaction, no such differences arise, because the intermediate involves
a radical, which will have the same spin as the unpaired electron in the porphyrin ring in

compound I.

15



Figure 7. The correlation between the activation energy of the dealkylation reactions and the
percentage of the substrate spin that resides on the carbon atom from which the hydrogen
atom is abstracted. The red squares represent the final energies and the blue triangles

represent the BSI energy.

Scheme 2. Schematic picture of the movement of electrons in the hetero-atom oxidation

reaction in the doublet and quartet states.
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Comparison with previous studies. As mentioned above, the nitrogen oxidation by
cytochrome P450 has only been studied once before," with the substrate N, Atdimethylaniline.
These results are quite similar to ours (disregarding the thermal corrections, which were not
included in the other study). For example, the Fe-O and O-N distances for oxidation transition
states differ by less than 0.03 A between A,Atdimethylaniline and TMA (distances for the
dealkylation transition state were not given''). For the activation energies of the two reactions
and the two spin states, the differences are somewhat larger, 4-12 kd/mol, but not larger than
what could be expected from the differences in details of the calculations (especially the
cysteine model) and the fact that different substrates were studied.

The oxidation of DMS has previously been studied by Shaik and coworkers810-12 The two
earlier studies®10 suggested the reaction to take place on the quartet spin surface, with a quite
high activation energy. However, these results were recently revised and a new and lower
transition state on the doublet spin surface was presented.'?2 Energetically, our results agree
quite well with the latter results (again disregarding the thermal corrections and also the amide
hydrogen-bond model): Their activation energies are 29 and 43 kJ/mol for the doublet and

quartet, respectively which is reasonably close to our energies of 32 and 55 kJ/mol,

17



considering the difference in the cysteine model. The transition-state structures of the quartet
states are also quite similar, with differences of 0.02-0.04 A for the S-O, Fe-O, and Fe-S
distances and 3° for the Fe—-O-S angle. Likewise, the imaginary frequencies agree within 9 cm-
1

However, some discrepancies are observed for the doublet transition state: Shaik and
coworkers observe a S-O distance of 2.39 A, a Fe-O distance of 1.66 A and an imaginary
frequency of 1015 /cm', whereas we get a S-O distance of 2.22 A, a Fe-O distance of 1.72 A
and a much smaller imaginary frequency of 61 /cm-'. Therefore, we performed scans of the
O-S distance for the DMS oxidation (and also TMA and DMSO oxidation for comparison,
Figure S2 in the supporting information). These showed a very flat potential surface,
explaining our low frequencies. Moreover, we also scanned the Fe-O distance for several
different O-S distances around the transition state for the DMS oxidation. This two-
dimensional surface is shown in Figure 8 and confirms the flat potential energy surface. We
also analyzed the eigenmode of our transition state and confirmed that it corresponds to the
correct reaction coordinate (shown in Figure S1 in the supporting information). Moreover, we
have also tried to locate the transition state reported by Shaik and coworkers by restrained
optimizations, using both SCH3- and SH- as the cysteine model. However, we always found a
low imaginary frequency (less than 100 /cm-') and when removing the restraints, the geometry
converged back to the structure shown in Figure 4. To understand the difference between our
calculations we finally optimized the transition state, with SH- as the cysteine model, using the
LACVP** basis set*?2 and the Jaguar software3 (version 7.0; Shaik and coworkers used this
basis set and Jaguar 6.5), as well as with the Turbomole software.3¢ The results show

geometries in between our geometry and the one they have found (as shown in Figure 8), with

18



Fe—O distances of 1.69 and 1.68 A, and O-S distances of 2.28 and 2.31 A with the Jaguar and
Turbomole software, respectively. The imaginary frequencies of these two structures were 124
and 291 /cm'. Therefore, we conclude that the two structures most likely represent the same
transition state, but the flat potential surface makes it extremely sensitive to variations in the
theoretical method. However, it should be characterized by a low imaginary frequency; the
frequency reported by Shaik and coworkers is much too large for a reaction involving only

heavy atoms, especially on this flat potential surface.

Figure 8. Scatter plot of the energies around the transition state of the DMS oxidation reaction
in the doublet spin state. The points are color coded according to the energies computed with

BSI in kd/mol. The geometries of the transition state calculated with B3LYP/LACVP** and by
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Shaik et al. are shown as black stars. The reactant state has been excluded from the figure to

make it clearer. It has a S-O distance of 4.14 A, and a Fe-O distance of 1.63 A.

Conclusions

We have studied the oxidation and dealkylation of DMSO, DMS, and TMA with the same
DFT approach to obtain a consistent view of these six reactions. The results clearly show that
for sulfur and sulfoxide compounds, hetero-atom oxidation is the preferred pathway (the
activation energies for the oxidations of DMSO and DMS are 73 and 47 kdJ/mol, respectively,
whereas the activation energies for the corresponding dealkylations are 91 and 64 kJ/mol) and
it will always take place on the doublet spin surface. For nitrogen-containing compounds, on
the other hand, the dealkylation has lower activation energy than the oxidation, 35 and 53
kd/mol, respectively. The results do not change if possible solvent effects in the protein are
considered. These results are in excellent agreement with the experimental findings that S-
oxidation is more favorable than S-dealkylation, that N-dealkylation is more favorable than N-
oxidation, and that hetero-atom oxidation is more common for S- than for N-containing
molecules.®1316 Moreover, the barrier for DMS oxidation is lower than that for DMSO
oxidation, again in agreement with experiments.39

Thus, our results rationalize all experimental findings using a single criterion, viz. the
activation energy for the various reactions, calculated at the DFT level. This is a most
important finding, because it shows that the calculated activation energies are consistent and
comparable also for different types of reactions. This is mandatory for a predictive method of
the intrinsic reactivity of an arbitrary drug candidate with cytochromes P450. Previous

methods, based on semiempirical calculations, have had severe problems in this respect.4!
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Thus, our calculations indicate that it may be possible to estimate the intrinsic reactivity of any
reaction for a drug candidate with DFT methods, and therefore probably also by other,

cheaper theoretical methods,*® an important goal in medicinal chemistry.
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